Ignition and burning characteristics of single aluminum and magnesium particles are experimentally investigated. Burning time, ignition delay, flame temperature, and ignition temperature were measured. The single metal particle (30-100 μm in diameter) is uplifted by an electrodynamic levitator, exposed and ignited by a CO 2 laser. The thermal radiation intensity was measured using the photomultiplier tube and combustion history was monitored by high-speed cinematography. Two-wavelength pyrometry measured the temperature of the burning particles. The burning time of the Al particle is approximately 5 to 8 times longer than that of the Mg particle. Exponents of D n -law, for the burning rate of the magnesium and aluminum particles of diameters less than 100 μm, were found to be 0.6 and 1.5, respectively. The instant of the aluminum ignition was clearly distinguished with the ignition delay time little less than 10 ms, however the burning history of the magnesium particle exhibited no clear instant of the ignition. The ignition delay time of the magnesium particle (less than 100 μm) might be in the range from 50 to 200 ns. The flame and ignition temperatures of a single Al particle are slightly lower than the boiling and melting point of Al 2 O 3 Nomenclature .
Nomenclature .
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= effective flame i = ignition n = exponent of the burning rate T = temperature t I. Introduction = time ETAL particle burning is distinguished from the liquid droplet combustion by its solid phase, the initial oxide layer on the particle and the oxide residue at the end of burning. Hence, the conventional D 2 -law for the droplet burning rate needs to be redefined (or tuned) for the aluminum particle burning in conjunction with additional heat generation as a result of the condensation of the gas products and the growth of oxide cap creating an asymmetric flame. It is known that the burning rate of aluminum is governed by D n -law and many theoretical and experimental studies have centered on yielding the exponent (n), quantitatively.
Although aluminum has been used to improve the performance of solid rockets, most of the studies treat the metal particle burning in air and in furnaces of high temperatures unlike the burning environment in solid rocket combustor mainly due to convenient control of the experimental conditions in air, furnaces, and burner flames. [2] [3] [4] [5] [6] [7] [8] [9] The issue is still controversial because a full understanding of the mechanism of aluminum particle combustion has not been sufficiently obtained. On the other hand, over the past 50 years, studies have been conducted on elucidating the mechanism of magnesium combustion as fuels for propulsion systems. [10] [11] [12] [13] [14] [15] Although a single metal particle burning has been studied extensively, only a limited amount of literature exists on this issue.
Nevertheless, so far there have been fewer studies on magnesium combustion than on aluminum combustion. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 15 This is because it is not easy to create a burning environment in order to examine burning characteristics of a micron-sized (in diameter) single metal particle without heat loss. To observe the burning characteristic of that particle, the particle in the gravity field has to maintain a levitated state, without disturbance. Nevertheless, due to the difficulty of the experimental method, Shafirovich et al. measured the ignition temperature of a millimeter-sized single aluminum particle using thermocouple and addressed the ignition and burning characteristics of a metal particle. 16 The thermocouple measurement technique is only valid for the case of largersized particles, not the micron-sized particles or smaller. Sarou-Kanian et al. also ignited a millimeter-sized aluminum particle, suspended by the flow of CO 2 as an oxidizer, by a high power laser. They investigated the evolutions of burning time, the burning temperature, and the regression rate of droplet size. 17 On the other hand, Melcher et al. observed a micron-sized burning aluminum particle released from solid propellants, and provided the discussion on the temporal variation of the droplet regression rate. Since the fluid convection around the particle causes a distortion while it destroys the spherical symmetry of the particle flame, it is suspected that this particle burning rate would include the effect of enhanced mass and energy transports.
Marion et al. and Legrand et al. conducted levitation tests of a micron-sized single aluminum and magnesium particle combustions, respectively. In this test, the distortion is reduced by using electrodynamic levitation. They examined the onset of the ignition, ignition delay time, and burning time in accordance with changes in the oxidizer concentration and the pressure, and compared the results with a simple combustion model. 18 7-8, 19 Shafirovich et al. also conducted the levitation tests and measured ignition delay time of a micron-sized aluminum particle coated with nickel as a function of oxide film content. 9, 16 For magnesium, King et al. made a simplified two-reaction zone model for single magnesium particle and compared it with other results. 20 Shafirovich et al. were interested in pulsating, one of combustion characteristics of magnesium particles in CO, and Ballal examined the flame propagation through a dust cloud of magnesium.
In recent years, combustion of metal powder intrigues researchers for its use as an energy production for underwater propulsion systems, and a few attempts are found. Many metallic fuels have been examined for their industrial use, but in view of energy density, aluminum and magnesium are known to highly fulfill the system requirement such as higher enthalpy of reaction and smaller volume. In the present study, the ignition and burning characteristics of single micron-sized aluminum and magnesium particle are investigated.
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II. Experiments and Parameter Definition
A. Experimental Setup and Ignition/Burning Diagnostics
Aluminum (99.84% purity, Angang Group Aluminum Powder) and magnesium (99.6% purity, Alfa Aesar) particles, with initial diameters in the range from 30 to 106 μm and from 53 to 106 μm, respectively, are ignited and burned in air at atmospheric pressure. Electrodynamic levitation facilities (SHEL, Standard Hyperbolic Electrodynamic Levitator) are used in order to isolate the particles from any undesirable perturbation and suspend it in the atmospheric volume. CO 2 laser (30W) ignited the suspended single metal particle. 22 To investigate the ignition and the burning characteristics, the intensity of thermal radiation from thermally excited metal particle or high-temperature gas is measured through a photomultiplier tube (PMT, H5784-20, Hamamatsu). Whether the particle is ignited or not is distinguished by a series of snap-shot imaged recorded with high-speed cinematography, as well as by the light intensity. The temperature of the burning particles is recorded using two-wavelength pyrometry, with the interference filter of 532 and 780 nm. The pyrometer was calibrated using a tungsten-halogen strip-lamp in the temperature range of 1700-3200 K. For convenience, experimental setup is distinguished into three main groups: electrodynamic levitator, CO 2 laser, and PMT block as shown in Fig. 1 . Optical devices were also used to capture instant images of the ignition and the steady combustion. 
B. Parameters Definition
Olsen and Beckstead reported that a constant intensity cutoff method is the most reasonable way to determine the burning time of a particle by measuring a light emission. This method was adopted in the present study. 6 History of light emission recorded during the metal particle burning is shown in Fig. 2 . A period of non-zero emission intensity was defined as the burning time (t b ). When the particle is heated by a laser and the emission intensity from the particle surface grows steeply, the metal particle is ignited and a period between the starting point of the emission and the ignition point was defined as the ignition delay time (t i ). The definition of the ignition delay time repeats that defined in Ref. 23 . 23 For magnesium, however, no distinct temperature jump is observed even at high sampling rate of 20 kHz. For simplicity, the moment of the first temperature peak after emission starting is defined as an ignition point. Particle temperature at the ignition point was defined as ignition temperature (T i ), but no ignition temperature can be measured the magnesium particle. Since the thermal radiation is strongly emitted from the luminous zone on the particle surface, the temperature which was calculated by two-wavelength pyrometry data measured during the particle burning is defined as the effective flame temperature (T e.f. ). Fig. 2 . Thermal radiation and temperature profile of single metal particle burning in air and definition of ignition and burning characteristics for metal particle
III. Result & Discussion
A. Burning time, t High-speed cinematography recorded the particle burning at the rate of 600 fps. Figure 3 shows an example of sequential burning images of a levitated single aluminum and magnesium (90-106 μm) particle. Residence times, for each metal particle burning in the electrodynamic levitator, were long enough to observe the total burning process. The magnesium particle in the steady burning stage emitted more brilliant white flame than the aluminum particle. For both the aluminum and the magnesium particle, the fragmentation often occurs at the end of the burning and the oxide smoke is formed during the particle burning (see Fig. 3 ). It was noteworthy that the burning rate of the magnesium particle was measured to be far higher than that of the aluminum particle of equal size. The existence of the oxide smoke evidences the single metal particle burning. As soon as the metal particle ignited, the movement of the metal particle tended to be unstable and the metal particle sometimes hit against the interior wall of the levitator. The test cases in which the fragmented particle hit against the interior may be falsely considered hence excluded. 
Fig. 3. Ignition and burning processes of single aluminum (left) and magnesium (right) particle in air
Results of the present study regarding the measured burning time of aluminum particles generally repeats that summarized by Beckstead in his review paper (see Fig. 4.) . 24 In his study, the burning rate is governed by D n -law and the exponent (n) is shown to be less than two, with nominal values of 1.5-1.8, mainly due to the heat transfer by condensation of the products at the flame, growth of oxide cap, asymmetric flame, and residue at end of burning. The scatter of the exponent data is caused by different test conditions such as test environment, the ignition source, and the use of the data reduction technique. The test method in the present study generally mimics that employed by Marion et al. They experimented the burning time and the ignition delay time of 40 μm-diameter aluminum particle at high ambient pressures. [7] [8] Burner flame due to propane/air or O 2 /H 2 mixture was also experimented while it provides higher temperature environment. The measured burning time measure in this flame test was slightly larger than that shown in Fig. 4. 2,4-5,6,24 As far as authors understand, no specific levitation test data regarding the magnesium particle burning were reported. Thus the test method for the magnesium particle burning lacks in its experimental validation. But presuming the present test method yields correct measurements for the aluminum particle burning, same test method was repeated for the measurement of the magnesium particle burning. Burning times of aluminum and magnesium particle were recorded in terms of the size of particle diameter. The burning time of the aluminum particle (left plot in Fig. 5 ) was measured to be 5 to 8 times longer than that of the magnesium particle (right plot in Fig. 5 ). Judging from this result, it is certain that the regression rate of the burning magnesium particle is much higher than that of the burning aluminum particle. In contrast to the aluminum particle, the regression rate of the magnesium particle appears weakly dependent on the particle size. Hence, the exponent of burning rate for the aluminum particle is greater than that of the magnesium particle. The burning rate exponent of the aluminum and magnesium particle burning in air at 1 atm was measured to be 1.5 and 0.6, respectively (Fig. 5) . However, it is important to note that these burning rate exponents are induced from the results of 106 μm-diameter particle burning tests. Additional parametric tests in terms of the particle size are required and remain as a future task. Fig. 6 . Comparison of ignition time as a function of diameter for metal particle The levitated single metal particle was heated by CO 2 C. Effective Flame Temperature, T laser and ignited, and then the thermal radiation was emitted from the particle's surface. Immediately after an occurrence of the light emission, the luminous intensity rises quickly and steeply, and the metal particle is concurrent. Therefore, in order to find the instantaneous ignition point in the entire burning history, the luminous intensity data was recorded at a sampling rate of 20 KHz. Decision of the aluminum particle ignition is relatively easy because the profile of the radiation intensity clearly exhibits the moment of the particle ignition; however, on the occasion of the magnesium particle, it was not distinctly observed in the radiation intensity history because only a very steep and monotonic rise of radiation intensity is observed in Fig. 2 . For the convenience of definition, however, the first peak of the temperature curve is chosen as the ignition point. In Fig. 6 , the measured ignition delay time of aluminum is from 1 to 10 ms which is orderly longer than that of the magnesium particle which are in the range from 100 to 200 ns. On the occasion of the magnesium particle ignition, the ignition point was not identified even at very high rate of the temperature sampling of 50 ns (Fig. 2) . Therefore, it may safely be assumed that the delay time of the magnesium particle ignition is less than 50 to 200 ns.
B. Ignition time, t i
It is well known that, owing to its peculiar combustion mechanism, the flame temperature of the aluminum particle is not higher than the boiling point of aluminum oxide.
e.f. 24 In the present study, the flame temperature of the aluminum particle was measured to be close to the boiling point of aluminum oxide. On the occasion of the magnesium particle burning in air, maximum flame temperature was measured by Dreizin et al. from the color temperature measurements in conjunction with the wavelengths of 436, 589, and 640 nm and reported to be close to the adiabatic flame temperature (3473 K). 15 In Fig. 7 , however, the flame temperature (3800-4200 K) was falsely measured to be higher than the adiabatic flame temperature. Cause of this unphysical measurement is previously mentioned by H. G. Wolfhard and W. G. Parker. They measured the color temperature (above 3900 K) of the radiation of a burning magnesium ribbon and found that the abnormal emissivity of the tiny oxide particles produced in the flame erroneously yield very high flame temperature. 25 They suggested that a wavelength between 240 and 300 nm was a good spectral range of black body radiation for pyrometry. Ignition of the aluminum particle occurs due to the failure of the oxide shell integrity under the melting point (2300 K) of aluminum oxide. In the present study, the ignition temperature was measured to be in the range from 2000 to 2200 K and agreed well with the previous experimental results. Interestingly, Changes in the ignition temperature due to changes in the particle size (less than 100 μm) appears to be insignificant. i 24 In order to correlate the ignition temperature as a function of particle size, additional experiments are required for large metal particles (greater than 100 μm). As stated, the ignition temperature of the magnesium particle is not found due to the lack of the ignition point on the light emission history. The selection of an appropriate spectral range (blackbody radiation range) in order to find the ignition temperature of magnesium particle must be made and remains as a future task. 
IV. Conclusion
In order to add to the scientific understanding of the ignition and burning of metal particles (aluminum and magnesium), this study investigated the combustion characteristics by using the electrodynamic levitation for a single metal particle. The ignition and burning characteristics of aluminum and magnesium particles were quantified by using two-wavelength pyrometry.
The measured burning time of aluminum particle was approximately 5 to 8 times longer depending on particle size when compared with that of magnesium particle. The exponents of the burning rate (D n -law) for magnesium and aluminum particles (both less than 100 μm in diameter) were measured as 0.6 and 1.5, respectively. The ignition delay time (under 10 ms) of aluminum particle was measured precisely and distinctively, but this investigation was not able to specify the ignition delay time of the magnesium particle. This study could only speculate an ignition delay time of under 50-200 ns for a magnesium particle of less than 100 μm. The measured flame and ignition temperature of a single aluminum particle were slightly lower than the boiling and melting point of aluminum oxide, respectively. Since the ignition point of magnesium could not be specified in the particle's burning history with an inappropriate spectral range for pyrometry, both of the flame and the ignition temperature of the magnesium particle could not be calculated or measured. Accordingly, an appropriate spectral range (blackbody radiation range) will be chosen to calculate the flame temperature of magnesium particle using pyrometry and further investigation will be required to determine the flame temperature of magnesium particle.
